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There Is growing interest m employang hand-held radiometry a~ a nondestntctwe research tool m heu of or support of 
more tedious vegetatmn measurements The objectwe of this study was to evaluate such techmques on corn The 
spectral radiances from corn plots 1 8 m in dmmeter were measured using a three-band radmmeter elevated 3 7 m 
above the ground The three spectral bands used corresponded to NASA'S Landsat-D Thematic Mapper bands TM3 
(0 63-0  69 #m),  TM4 (0 76-0  90 #m), and TM5 (1 55-1  75/~m) Periodically throughout the growing season a plot 
was selected and radlometncally measured then harvested for measurement of several agronomic variables By the end 
of the growing season, a total of 43 plots had been measured with solar zemth angles ranging between 16 and 44 ° 
Significant relationships were found between various combinations of the radiance data and the wet and dry total 
blomass, plant height, fraction of ground covered by plants, wet and dry green leaf blomass, green leaf area index 
frachon of leaf chlorosls, and total plant water content Some of these relationships were found to be redundant since 
several of the agronomxc variables were highly correlated to one another In addition, the TM5 band did not provide 
any marked unprovement  in the relationships to the agronounc variables The relationships between the radiance data 
and agronomic variables represent a nondestructwe remote sensing technique for researching the growth of corn 
Canopies 

Introduction 

There xs a growing group of scientists 
now employing hand-held radiometry as a 
nondestruchve research tool in heu of or 
support of other more tedious vegetataon 
measurements and m turn these inferred 
vegetation variables are used xn research- 
mg the growth and development of vege- 
tation (Jackson et al., 1980). Past studies 
indicate that vegetation variables (e.g, 
blomass, leaf area, and percent cover) can 
be related to spectral rachometrlc data 
(Aase and Slddoway, 1981, Gansman 
et al,  1975, Holben et al, 1980, Tucker 
et al, 1979a, b, W~egand et al,  1979, 

among others). With regard to corn, 
Tucker et al. (1979b) have reported the 
relationship of red and photographic- 
infrared spectral radiances to total wet 
and dry blomass, plant height, estimates 
of percent canopy cover, and vasual per- 
cent chlorosls Significant relationships 
were reported which suggested the possl- 
bthty of remote momtonng of corn canopy 
growth 

Holben et al (1980) reported that the 
green leaf area index (LAI) and green leaf 
blomass were the soybean canopy van- 
ables most highly correlated to red and 
photographic-infrared spectral data and 
related spectral combmatmns Tucker 
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(1979) reported that the photosyntheh- 
cally achve portion (green leaves) of a 
blue grama grass canopy was the canopy 
vanable most highly correlated with red 
and photographic-infrared spectral data. 

We now report on an experiment in 
which we have related spectral radmnce 
data collected in three spectral regions to 
corn canopy vanables The study extends 
the work of Tucker et al. (1979b) in that 
more detaded measurements of corn 
canopy variables (including wet and dry 
green leaf blomass, green leaf area index, 
chlorohc leaf blomass, chlorohc leaf area, 
and leaf water content, among others) 
were made usmg quantltahve techniques 
(no visual estimates). In addition, spectral 
data were collected with a hand-held ra- 
diometer having Landsat-D Themahc 
Mapper (TM) bands TM3 (0.63-069 
/zm), TM4 (0.76-090 /zm), and TM5 
(1 55-1 75 /zm) TM3, TM4, and TM5 
seem to be well s~tuated spectrally for 
making remotely sensed measurements 
related to chlorophyll concentration, leaf 
density, and leaf water content (Tucker, 
1978) 

Methods and Analyses 

A held (approramately 0.9 ha) of well- 
draxned Elkton silt loam sod located on 
the USDA Beltsvflle Agricultural Re- 
search Center was selected for this study 
Dekalb XI_~4A corn (Zea mays L.) was 
planted on 12 May 1979 in rows 76 cm 
apart (26 cm within the row) at a popula- 
hon density of approxamately 50,400 
plants per hectare Rows were planted in 
a north-south &rectlon Before planting, 
the soft was hmed, tdled, and fertxhzed 
(90 kg N, 39 kg P, and 74 kg K per 
hectare) Atrazme was apphed at planting 
to control weeds. No adchtlonal tillage or 

weed control was reqmred dunng the 
growing season 

Periodically throughout the growxng 
season several plots were randomly 
selected, radlometncally measured, then 
harvested for measurement of several 
agronomic variables By the end of the 
growing season, a total of 43 plots had 
been measured Table 1 presents the 
number of plots for each date along wath 
the corresponding plotting symbols used 
in the results sections of this paper. In 
addition, Table 1 presents growth stage of 
the plots using the scale of Hanway 
(1963) 

Each plot measured was a 2 6 m 2 clrcle 

on the ground and was centered on-row 

Prior to destrnchve samphng, the spectral 
radiance of each plot in Themahc Mapper 
(TM) bands 3 (0 63-0.69/zm), 4 (0 76- 
0.90 /~m), and 5 (1 55-1 75 /~m) were 
measured using a Mark II three-band 
radiometer (prototype) attached to a 3.7- 
m-high portable boom (hand-held) as 
described by Tucker et al. (1980). The 
sensor's field of view was 24 ° hill angle 
(measured at one haft of peak response), 
thus the sensor had a ground held of view 
essenhally equivalent to the plot area. 
The rachometer was visually centered over 
each plot and the radiances for the three 
bands were recorded. To reduce the error 
caused by poslhomng the radiometer, ~t 
was independently centered four hmes 
over each plot and the mean for each 
band was calculated The coefficients of 
vanahon of these mean radiances were 
relatwely small--on the order of 1 6, 1 1, 
and 0 9% for the TM3, 4, and 5 bands, 
respectively (mean values) All fltrther 
calculations were performed wath these 
mean radiance values. Data were col- 
lected between the hours of 1010 and 
1300 EST m dxrect sunhght with cloud- 
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TABLE 1 Number of Plots Measured on Each Date wath Corresponchng Symbol Used in Figs 1-6 of the Results Section A 
Total of 43 plots Were Measured The Growth Stages of Corn Refer to the Scale of Hanway (1963) 

NUMBER OF GROWTH PLOTTING NUMBER OF G R O W T H  PLOTTING 
DATE PLOTS MEASURED STAGE SYMBOL DATE PLOTS MEASURED STAGE SYMBOL 

06/15/79 4 (1) Collar of fourth A 07/31/79 2 
leaf visible 

06/22/79 4 (1) Collar of fourth B 08/06/79 2 
leaf wslble 

06/27/79 3 (1) Collar of fourth C 08/13/79 2 
leaf visible 

07/03/79 3 (1) Collar of fourth D 08/20/79 1 
leaf visible 

07/06/79 3 (2) Collar of eighth E 08/30/79 2 
leaf visible 

07/18/79 2 (4) Collar of sixteenth F 09/04/79 2 
leaf visible, tips of 
many tassels visible 

07/19/79 2 (4) Collar of sixteenth G 09/11/79 2 
leaf visible, tips of 
many tassels vmble 

07/23/79 3 (5) Silks visible, H 09/18/79 2 
pollen sheddmg 

07/27/79 2 (5) Silks visible, I 10/03/79 2 
pollen shedding 

(6) Kernels m J 
'bhster" stage 

(6) Kernels m K 
"bhster" stage 
(7) Very late L 
"roasting ear" 
stage 
(7) Very late M 
"roasting ear" 
stage 
(8) Early' dent" N 
stage 
(9) Full "dent' O 
stage 

(9) Full "dent" Q 
stage 

(9) Full "dent '  R 
stage 
(10) Gram physlo- S 
logically mature 

less or partly cloudy sloes. The minimum 
and maximum solar zenith angles of these 
measurements were 16 ° and 44 °, respec- 
twely 

The mdivadual spectral radiances for 
each plot were transformed into the nor- 
mahzed difference vegetation index 
(Rouse et al,  1973) for TM band combi- 
nation 3 and 4 (ND34) and for TM band 
comblnatmn 5 and 4 (ND45) where 

ND34 -- 
T M 4 - T M 3  
TM4 + TM3 ' 

and 

ND45 = 
T M 4 - T M 5  
TM4 + TM5 

The ND34 transformahon of raw radi- 
ance values is desirable because of its 
reported sensltwaty to vegetatmn parame- 
ters and it tends to normahze the lrradi- 

ance for hmlted solar zenith angles 
(Tucker et al., 1979). 

A vertical photograph of each plot was 
taken from the portable boom, a dot grid 
(200 points) was apphed to the photo- 
graph to obtaan a quantltahve eshmate of 
the fraction of ground covered by the 
vegetation. The estimated maximum error 
bound (two t~mes the estunated standard 
error of the mean proportion, maximum 
value at a proportion of 0.50, Mendenhall 
et al., 1971) was --+0.071. Other agro- 
nomic measurements pnor to harvesting 
included mean plant height and number 
of leaves expanded 

Immediately following the field mea- 
surements, the entire plot was harvested 
(approximately 13 plants + components 
within plots) and the followang agronomic 
data were taken Total wet b~omass was 
weighed, after which the plants were sep- 
arated into green leaf, chlorotlc leaf, stalk, 
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tassel, and ear components and each of 
these components were weighed. All 
components were oven dried 6 days at 
50°C and the dry plant matenal and 
water content weights for the compo- 
nents and total material were calculated 
All weights were presented on a per 
square meter of ground area basis. Prior 
to drying, green leaf and chlorotic leaf 
area radices (total one-sided leaf area per 
plot divided by plot ground area) were 
measured by using an optically integrat- 
ing area meter Fraction of chlorosis was 
calculated as the ratio of the chlorotic leaf 
area index to the total leaf area index On 
a few occasions some of these above agro- 
nomic measurements were not taken as 
indicated in the results section. 

A simple linear regression approach was 
taken m which the lndlwdual radiances 
and radiance transformations were corre- 
lated with the agronomic variables In 
addition, nonhnear relationships between 
selected agronomic variables and the nor- 
mahzed &fferences for the 43 plots were 
explored using the power function 

T=aX b, 

where T is a particular spectral transfor- 
mation, X is the agronomic variables and 
a and b are coefficients The a and b 
coefficients were determined using a least 
squares fit of the hneanzed equation 

ln T=lna+ b(ln X) 

Results and Discussion 

Dunng the 1979 growing season above 
average preclpitahon occurred and no 
periods of drought stress were reported 

Thus, no wslble water stress of the corn 
canopy was apparent. Under these condi- 
tions, for all plot measurements the corre- 
lation coefficient (r) between TM3 and 
TM5 was 0 97. Thus, the temporal rela- 
tionships between the various agronomic 
vanables and ND34 and ND45 were 
highly redundant As a consequence, the 
results presented concentrate on the 
ND34 relationships. 

A number of agronomic variables were 
highly correlated with each other as a 
result of the inherent physiology and/or  
anatomy of plant growth (Table 2) For 
example, plant height and total wet blo- 
mass were highly correlated with a r value 
of 0.99, and there were 26 other correla- 
tions in Table 2 with r values greater than 
0 80. Because of these high mteragro- 
nomm variable correlations, the relation- 
ships between spectral transformations 
and agronomic vanables are In many cases 
redundant 

The quantitative relationships which 
were shown by Tucker et al (1979a) [total 
wet and dry blomass and plant height 
versus the normalized difference of a red 
(0 65-0 7/~m) and near-infrared (0 775- 
0 825/~m) band] were very similar m all 
respects to the relationships found in this 
study. For example, Fig 1 shows the total 
dry baomass plotted against the ND34 
Initial ND34 values were very low and by 
18 July had reached a maximum, whde 
the dry biomass continued to Increase 
Senescence began after 20 August and 
the ND34 ratio and wet blomass values 
began to decrease The ND34 ratio de- 
creased pnmanly because of leaf senes- 
cence and the reduction in canopy ground 
cover (Tucker et al, 1979a) 

The ND34 ratio reached a maximum 
18 July, whereas the wet blomass con- 
tinued to increase until 20 August and 
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TABLE 2 Linear Correlation Coefflcmnts ( r )  Between Selected, Sampled Agronom,c Variables Sample sizes ( n ) a n d  Levels 
of Slgulhcance Are Indicated 

WET DRY 
GREEN TOTAL GREEN FRACTION GREEN CHLOROTIC CHLOROTI( 
LEAF DRY LEAF PLANT LEAF LEAF PERCENT WET LEAF LEAF TOTAL 
BIOMASS BIOMASS BIOMASS HEIGHT CHLOROSIS a LM C OV ER  BIo~u~SS LAI L~I 

Total Wet 0 80 b 

Blomass n = 43 

Wet Green 
Leaf Blomass 

Total Dry 
BIomass 

Dry Green 
Leaf Blomass 

Plant 
Height 

Fraction Leaf 
Ghlorosls"  

Green Leaf  

LAI 

Percent 
Cover 

ChlorotK 
Wet Leaf Blomass 

C h l o r o t K  

Leaf LAI 

0 85 b 

n = 4 3  

0 41 l' 

n = 4 3  

0 88 I' 0 99 l' - 0  65  I' 0 79 b 0 91 l' 0 45 b 0 36" 0 92 b 

n--43 n--38 n=lO n =41  n = 4 3  n--43 n 41 n - 4 1  

0 98 b 0 76 b - - 0  95 b 0 99 b 0 78 b - - 0  08 - - 0  21 0 95 b 

n = 4 3  n--38 n = 1 0  n =41  n = 4 3  n = 4 3  n--41 n--41 

0 55 b 0 86 b - - 0  77 b 0 37  ~ 0 68 b 0 79 b 0 36 ~ 0 61 b 

n--43 n = 3 8  n = 1 0  n =41  n = 4 3  n = 4 3  n =41  n=41  

0 8 5  b - - 0 9 6  b 0 9 7  b 0 8 2  b 0 0 3  - - 0 1 1  0 9 6  b 

n = 3 8  n=lO n--41 n = 4 3  n = 4 3  n =41  n - 4 1  

- - 0  82 b 0 745 0 90 b 0 52 b 0 41" 0 88 b 

n=lO n = 3 8  n = 4 3  n = 4 3  n 41 n--41 

- 0  91 I' 0 11 0 91 b 0 96 b 0 86 b 

n - 1 0  n = 1 0  n = 1 0  n - 1 0  n - 1 0  

0 7 4  b - 0 0 9  - 0 2 3  0 9 5  b 

n = 4 3  n - 4 3  n - 4 i  n = 4 1  

0 31 0 24 0 88 b 

n = 4 3  n=41  n--41 

0 98 b 0 21 

n - - 4 1  n--41 

0 07 

n - - 4 1  

%amples from 30 August to 3 October 
6 Indicates slgmflcance at the 0 01 level of probablhty 
~Indmates slgmhcance at the 0 05  level of probablht?~ 

thereafter decreased rapidly because of 
crop senescence (Fig. 2) Essentially the 
same trajectory was seen for ND34 versus 
plant height and fraction cover (Fig 3) 
since the correlation coefficients (r) be- 
tween total wet bmmass versus plant 
height and fractmn cover were 0 99 and 
0 91, respectwely (Table 2). 

An excellent nonhnear relatmnshlp ex- 
Isted between ND34 and dry green leaf 
bmmass (Fig. 4) Because of the high 
posltwe correlatmn of dry green leaf blo- 
mass with wet green leaf bmmass and 
green leaf area index (Table 2), excellent 
relationships of a similar trend as Fig 4 
were observed between these variables 
and ND34 (Table 3), e g ,  the relatmnshlp 

between ND34 and green leaf area index 
(Fig 5). The dry green leaf blomass also 
had a high negative correlation wath the 
fraction of leaf chlorosls (Table 2) A high 
negatwe correlation between the ND34 
and the fraction of leaf chlorosls from the 
beginning of senescence (after August 20) 
to the final sample (October 3) is docu- 
mented m Table 3 Higher correlations 
were obtained wath the ND34 transfor- 
mation than the mdwldual TM bands 3 
and 4 (Table 3) under the variable lrradl- 
ance conchtlons of this study 

Table 4 presents the hnear correlatmn 
coefficmnts (r) for several spectral radi- 
ance transformatmns and agronomic van- 
ables In many cases, nonhnear relation- 
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TABLE 3 Correlation Coefhclent (r)  of the Laneanzed Relat=onshlps (Ianeanzatlon of 
Y =  aX b ) Between Specihc Agronomic Variables (X) and Three Radlometnc Variables 
(Y) The coefficients, a and b, of the nonhnear ND34 relatmnshlps are also reported 
Sample sizes (n)  and levels of slgulhcance are mchcated 

AGRONOMIC RAD]OMETRIC VARIABLES COEFFICIENTS 

VARXABLE TM3 TM4 ND34 a b 

Wet Green - 0  76 b 0 44 b 0 95 b 0 225 0 198 
Leaf Blomass n = 43 n = 43 n = 43 

Dry Green - 0  83 b 0 32 ~ 0 97 l' 0 311 0 196 
Leaf Bmmass n = 43 n = 43 n = 43 

Green Lea/ - 0  71 h 0 48 b 0 92 b 0 691 0 199 

Area Index n = 4 1  n = 4 1  n = 4 1  

Fraction Leaf 0 82 b --0 97 b --0 98 b 0 557 --0 210 
Chlorosls ~ n = 10 n = 10 n = 10 

aSamples from 30 August to 3 October 
bIndlcates slgulhcance at the 0 01 level of probablhty 
c Indicates slgulhcance at the 0 05 level of probablhty 

ships existed and a simple hnear relation- 
ship was not representatwe Nevertheless, 
it is beheved that many of the reported 
transformations are redundant in char- 
acterlzlng temporal relationships of agri- 
cultural crops 

We also found that the leaf blomass 
determinations were highly correlated to 
leaf area measurements. The total LAI 
was highly correlated wxth total leaf b~o- 
mass ( r =  0.98), the green LAI was highly 
correlated to green leaf blomass (r = 0 99) 
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FIGURE 5 Nonhnear relahonshlp of the nonnahzed ddferen~e of Thematic Mapper bands 3 and 4 
(ND34) versus green leaf area index Data point symbols refer to samphng dates shown in Table 1 
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T A B L E  4 L m e a r  C o r r e l a h o n  Coe fhc l en t s  ( r )  for  the  Spec t ra l  R a d m n c e  D a t a  a n d  A g r o n o m i c  Var iables  The  s ample  

sizes are  n o t e d  m pa ren theses  a Levels of s t gu lhcance  are  m & c a t e d  

RADIOMETRIC VARIABLES 
A G R O N O M I C  T M 4  T M 4  T M 4  T M 4  - T M 3  T M 4  - T M 5  
VAmA~LE T M 3  T M 4  T M 5  

T M 3  T M 5  T M 3  + T M 5  T M 4  + T M 3  T M 4  + T M 5  

G r e e n  LAI  (41) - 0  80 c 0 29 c - 0  85 c 0 94  c 0 91 c 0 95 c 0 93 c 0 92 c 

G r e e n  we t  
leaf  b lomass  (43) - 0  83  e 0 31 d - 0  87 c 0 95  c 0 90 c 0 96 c 0 96  c 0 93 c 

G r e e n  d r y  
leaf  b lomass  (43) - 0  84 c 0 21 - 0  89 c 0 92 c 0 89 c 0 94 c 0 94 c 0 91 c 

Chloro t lc  LAI  (41) - 0 29 - 0 83 ~ - 0 18 - 0 16 - 0 25  - 0 20  - 0 09  - 0 40 ~ 

Ch lo ro t l c  we t  
leaf  b lomass  (43) - 0  39  c - 0  8 P  - 0  29 d - 0  04 - 0  15 - 0  09  - 0  04  - 0  26  

Ch lo ro t l c  d r y  
leaf  b~omass (43) - 0 2 4  - 0 8 3  c - 0 1 3  - 0 1 9  - 0 2 8  - 0 2 3  - 0 1 4  - 0 4 5  c 

Tota l  LAI  (41) - - 0  90 e 0 05  - 0  92 c 0 90  c 0 85  c 0 92 ¢ 0 93 c 0 82* 

Tota l  w e t  
leaf  b lomass  (43) - - 0  89 c 0 16 - - 0  92 c 0 94 c 0 87  c 0 94 c 0 96 ~ 0 88 c 

Tota l  d ry  
leaf  b lomass  (43) - 0  91 c - 0  18 - 0  9 U  0 79 ~ 0 73 c 0 79 c 0 84 c 0 66 c 

W e t  stalk 
b lomass  (43) - 0  91 c - 0  15 - 0  90 c 0 85  c 0 74 ~ 0 84 ~ 0 84 ¢ 0 65  c 

D r y  stalk 
b lomass  (39) - - 0  74 ~ - - 0  45  ~ - - 0  68 c 0 46  ~ 0 40 d 0 46  c 0 44 c 0 16 

Tota l  we t  

b lomass  (43) - - 0  88 ~ - - 0  17 - - 0  89 c 0 78 c 0 75 ~ 0 80 c 0 80  ~ 0 65  ~ 

Tota l  d r y  
b lomass  (43) - - 0  {~9 e - - 0  56 e - - 0  66 c 0 38 d 0 34 d 0 39  d 0 46 ~ 0 24 

Plant  w a t e r  

c o n t e n t  (43) - 0  88 ~ - 0  02 - - 0  91 c 0 87  ~ 0 85 ° 0 89 ~ 0 87 ~ 0 75 c 

C a n o p y  cover  (39) - 0 90  c - 0 07  - 0 88 c 0 80  c 0 70 c 0 79 c 0 81 ~ 0 60  ~ 

F r a c t i o n  leaf  b 

chlorosls  (10) 0 94 c - - 0  96 c 0 95 ~ - - 0  98 ~ - - 0  96 c - - 0  98 ~ - - 0  99  c - - 0  99 c 

a O n l y  the h n e a r  cor re la t ion  coe fhc len t s  are  r epo r t ed  m this table  W e  a c k n o w l e d g e  tha t  n o n h n e a r  re la t ionships  exasted 

in m a n v  cases This  is h t r t he r  d iscussed in the  text 

bSamples  f rom 30 Augus t  to 3 O c t o b e r  

c In thca tes  s lgmf icance  a t  the  0 01 level of p robab i l i ty  

d Ind ica tes  s t g m h c a n c e  at  the  0 05  level of p r o b a b l h t y  

and the chlorohc LAI was highly corre- 
lated to chlorotlc wet leaf blomass (r-- 
0 98) Similar findings have been reported 
for winter and spring wheat (Aase, 1978, 
LeMaster et al,  1980) and for soybeans 
(Holben et al, 1980) We thus feel, as 
does Aase (1978), that leaf blomass mea- 
surements can replace the more tedious 
LAI determinations In addition, we also 
observed slgmhcantly lower correlations 
between the commonly recorded agro- 
nomic vanable, estimated crop cover, and 

the spectral data than was the case with 
the spectral data and the green LAI and 
green blomass data (Table 4) since esti- 
mations of the crop canopy cover include 
both green and chlorotlc plant compo- 
nents 

Conclusions 

Bands TM3 and TM5 were highly cor- 
related ( r = 0  97) thus these two bands 
appear to contain redundant reformation 



410 D S KIMES ET AL 

under these conchtlons where we ob- 
served no plant water stress. 

Green leaf blomass determinations were 
highly correlated wath the green leaf area 
index Similar relationships were found 
between total leaf blomass and total LAI 
as well as between chlorotac leaf blomass 
and chlorotlc LAI. This observation sug- 
gests that component blomass measure- 
ments can be substituted for the more 
tedious LAI measurements and still pro- 
wde quantitative data highly correlated 
with corn canopy spectral response In 
addition, many of the other agronomic 
vanables were highly interrelated because 
of their relationship(s) to crop growth 

The green leaf area index and green 
leaf blomass were found to be the best 
correlated agronomic variables with the 
spectral data. The commonly recorded 
agronomic variable, estimated canopy 
cover (both green and chlorotlc compo- 
nents), was less well correlated Slgmfi- 
cant relationships were also found be- 
tween single band spectral radiances and 
assocmted multlband combinations and 
many of the other agronomic variables 
sampled 

Our overall conclusions is that nonde- 
structive ground-based remote sensing 
techmques can be apphed to corn cano- 
pies to estimate agronomic variables 
highly related to corn canopy physiologi- 
cal status 

The authors thank Steve Bogash for h~s 
a~d m the field and laboratory 
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